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Numerical modeling and experimental study of swirling supersonic gas flow in the EIGA atomizer for metal powder production
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The requirement of high-quality metal powders production with fine spherical particle size is growing rapidly for the metal additive manufacturing process. An attractive technique to produce such powders is the EIGA process (Electrode Induction melting Gas Atomization), which employs a swirling supersonic gas jet flow exiting a free-fall nozzle to atomize a molten metal stream. The gas dynamics has dominant influences on the atomization mechanisms.

A numerical model is developed to simulate the gas flow behaviour through and downstream the EIGA nozzle. The results produced by the numerical model are consistent with experimental observations of the shock/expansion waves produced in the gas flow obtained using Schlieren optical technique.

Introduction

Metal additive manufacturing processes require metal powders with precise size range and properties, including highly spherical particles, without porosity and with a specific and homogeneous chemical composition [START_REF] Ridolfi | Numerical modeling of secondary breakup in molten metals gasatomization using dimensionless analysis[END_REF]. An attractive process to produce such metal powders is Electrode Induction melting Gas Atomization (EIGA). This process is based on the melting of a rod shape metal electrode using a crucible-free induction heating technique, which reduces or even eliminates any contamination related to the process [START_REF] Feng | Consecutive induction melting of nickel-based superalloy in electrode induction gas atomization[END_REF] [START_REF] Feng | Oxidation during the production of {FGH}4095 superalloy powders by electrode induction-melt inert gas atomization[END_REF] and makes this process well suited for atomizing reactive metals such as titanium alloys. The free-fall molten metal jet emerging from the induction heaters is impacted by a supersonic inert gas jet exiting from a convergent nozzle, resulting in the atomization of the metal into powder with a particle size of the order of micrometer. The gas jet can be either with swirl [START_REF] Drawin | Atomization of Ti-64 alloy using the EIGA process: comparison of the characteristics of powders produced in labscale and industrial-scale facilities[END_REF] or without swirl [START_REF] Zou | Pre-breakup mechanism of free-fall nozzle in electrode induction melting gas atomization[END_REF], based on the nozzle design. MetaFensch owns an EIGA atomizer which is used for research to work on the process and improve the powder quality. Its nozzle is equipped with two tangential gas inlets, allowing the gas to pass through in a swirling motion.

The EIGA process is complex and the final properties of the produced particles depend on a large number of factors. Many of these factors, such as the pressure and temperature of the atomization gas and nozzle design, are related to the gas flow dynamics. A detailed description and a good understanding of the gas dynamics is thus of critical importance for achieving the desired powder properties. They are experimentally studied on the EIGA platform in MetaFensch to determine the empirical trends. Nevertheless, these measurements do not allow today understanding in detail the influence of each parameter and the consequences on the powder characteristics such as size and morphology. The complexity of the gas flow, which is compressible, supersonic and turbulent, requires a better understanding of the mechanisms involved in the atomization nozzle in order to find flow configurations that would allow obtaining finer powders sizes. This physical understanding of the gas jet is key to improve the yield of the process and to adapt the powder quality and cost to the Additive Manufacturing market demands.

In this study, we aim to develop a numerical model of the dynamic behaviour of the atomizing gas through the gas nozzle and the atomization chamber of an EIGA unit. The described model considers the addition of swirl to the gas, which is a point that has been seldom investigated in the literature [6] [7]. Simulation results are compared to flow visualization images obtained using the Schlieren experimental technique. This crucial stage will enable us in the future to realize the best optimization of the gas nozzle for powder production.

Numerical model

Geometry and boundary conditions

The system simulated in the present study is based on the MetaFensch EIGA facility. The 3D computational domain is shown in Figure 1. The real gas nozzle geometry was modelled in SolidWorks and transferred to Ansys Fluent software. It is connected to a cylinder of diameter 150 mm and height 200 mm representing a portion of the atomization chamber. The atomizing gas, treated as an ideal gas, is argon. The boundary conditions are reported in Figure 1. The design consists of two high pressure atomizing gas inlets going to the nozzle and one low pressure gas inlet from the melting chamber, on which pressure inlet conditions are set. Except for the top surface of the cylinder, which is treated as a wall, all other surfaces of the cylinder are treated as gas outlets by specifying a pressure outlet condition. The atomizing gas enters the convergent nozzle through two surfaces having a total area of 226 mm 2 and exits the nozzle through a convergent annular gap slit having an area of 65.20 mm 2 . Figure 1 (right) shows the planes in which the numerical result will be presented. The XY and YZ planes are perpendicular and parallel to the inflow atomizing gas, respectively. Due to confidentiality reasons, the precise geometry of the nozzle is not presented and the zoomed-in geometry in Figure 1 (right) is an approximate schematic of the nozzle. 

Governing equations and numerical method

Steady-state simulation of the gas flow is performed using the commercial CFD code ANSYS-Fluent 2021R1. The simulation relies on standard models, based on the Reynolds-Averaged Navier-Stokes approach, taking into account gas compressibility effects. The k-w SST model is used to model turbulence. The equations are spatially discretized with a second order upwind scheme and solved using a density-based solver.

Results

The simulation results presented in this section correspond to a pressure and temperature of the gas at the nozzle inlet of 45 bar and 274 K and a pressure and temperature of the gas at the top inlet of 1.2 bar and 300 K. These outcomes have been obtained using a computational mesh of 5.25 million tetrahedral cells, including 1.2 million cells for the nozzle part. We first present numerical results of the gas flow indicating at which position the flow changes from a subsonic to a supersonic regime in the nozzle. Then we describe the supersonic gas flow in the atomization chamber and finally we compare our results with experimental Schlieren images of the gas flow field in the atomisation chamber.

Flow analysis in the nozzle

The gaseous flow inside the nozzle results in a drop of gas pressure, temperature and density and in a rise of the kinetic energy of the gas at the nozzle exit. This transition is characterized by the Mach number which compares the velocities of gas and sound. For a Mach number less than one, the flow regime is subsonic and when the Mach number exceeds one, the flow becomes supersonic.

The volume flow rate of the atomizing gas predicted by the model equals to 1638 Nm 3 /h, while that measured in the MetaFensch EIGA unit is in the order of 1300 Nm 3 /h. This difference of 20% between the and experimental results is probably related to pressure losses through the gas flow system between the location of the flowmeter and pressure sensors and the inlet of the nozzle.

Figure 2 (left) shows gas velocity vectors coloured by Mach number throughout the nozzle. We observe that the gas flow remains subsonic in the majority of the nozzle, with fairly homogeneous Mach number values. In the narrow annular gap slit immediately upstream the nozzle exit, there is, due to the convergent shape of the gap slit, a strong increase in the Mach number, leading to a transition from a subsonic flow regime to a supersonic flow regime.

The evolution of the Mach number along the centreline of the annular gap slit is plotted in Figure 2 (right) at four different azimuthal locations, as defined in the insert of the figure. The Mach number reaches a value of about 1.25 at the outlet section of the nozzle, with the sonic transition located 0.55 mm before the exit. We also observe that, as long as the flow regime remains subsonic, the Mach number in the outflow perpendicular to the gas inlet (plane XY) is higher than in the one parallel to the gas inlet (plane YZ). In the supersonic regime, the Mach number values are very close in both planes. We conclude from this gas analysis that there is no shock wave inside the nozzle part. 

Flow analysis in the atomization chamber

Figure 3 presents the evolution of the Mach number of the gas flow in the atomization chamber in the vertical planes YZ (left) and XY (right). We observe that a series of small cell structures called Mach diamonds are formed in the annular supersonic gas jet exiting the nozzle. They are triggered by the mismatch of the gas jet pressure at the nozzle exit and the ambient pressure and result from the repetition of a series of expansion-compression wave patterns. A normal shock called a Mach disk is visible at the level of the second Mach diamond.

From the third Mach diamond, the behaviour of the gas jet deviates in the two planes, with the radial spread of the jet increasing in the XY plane and decreasing in the YZ plane, which leads to the formation of a strongly asymmetric jet geometry. This behaviour is a direct consequence of the swirling motion imparted to the gas by the nozzle, as well as of the non axisymmetry of the feeding system (which only has a planar symmetry). The maximum value of the gas jet Mach number is about supersonic along the centreline up to a distance of 198.7 mm from the nozzle exit.

The importance of swirling effects was characterized by calculating a swirl number, defined as the ratio of the azimuthal velocity to the average axial velocity, both averaged across the annular surface of the nozzle exit [START_REF] Oberleithner | Vortex Breakdown in a Swirling Jet with Axial Forcing[END_REF]. Its value in this study corresponds to 0.358, which corresponds to a rather weak swirling flow [START_REF] Loiseleux | Breaking of rotational symmetry in a swirling jet experiment[END_REF]. 

Comparison with experimental results

In order to verify our numerical model, images of gas flow field in the MetaFensch EIGA facility were acquired using the Schlieren visualization technique [START_REF] Luh | Focusing Schlieren Imaging In Close-coupled Atomization: Comparison Of Experimental Results With Numerical Simulations[END_REF]. The experimental setup employed is shown in Figure 4. It includes a LED point light source and a HD camera placed outside the atomization unit, complemented inside the unit by one parabolic mirror and two plane mirrors, which were put in place to investigate the gas flow as close as possible to the nozzle exit in this real industrial facility. Yet, due to the configuration of the atomization unit, only the gas flow from an axial distance of 28.7 mm downstream the nozzle exit could be visualized with our setup. The optical distance between the parabolic mirror and the camera was set to twice the focal length of the mirror. In order to obtain the Schlieren image, a horizontal razor blade was placed in front of the camera, which acts as a cut-off of the undeflected light. Note that vibrations of the experimental setup induced by the high-speed gas flow were experienced during the measurements and were responsible for some blurring of the obtained images.

The Schlieren images reveal the gradients of the gas refractive index [START_REF] Luh | Focusing Schlieren Imaging In Close-coupled Atomization: Comparison Of Experimental Results With Numerical Simulations[END_REF], which, according to the Gladstone-Dale relation, are related to the gas density gradients normal to the edge of the razor blade (i.e. the gas density vertical gradients). The Schlieren image formed by our system contains information about the density gradients occurring along the entire optical path of the investigated domain. Yet, as a first approach, the Schlieren image is only compared below to the density gradient computed in the median plane of the geometry, without depth averaging. Figure 5 shows such a qualitative comparison. The black line on the numerical results represents the density isocontour of 1.76 kg/m 3 (which corresponds to the ambient Ar density) and is used to identify the external boundary of the gas jet. We observe a good agreement between the Schlieren image and the simulation results. The radial dimension of the jet and the location of the Mach disk are in particular well predicted by the numerical model. 

Conclusion

A CFD model was used to simulate the swirling compressible gas flow in the nozzle and atomization chamber of an EIGA unit. The results show that the gas flow regime remains subsonic in the most part of the nozzle and becomes supersonic just before exiting the nozzle. In the atomization chamber, the gas jet consists of multiple Mach diamonds. The results of the CFD model were satisfactorily compared to Schlieren images, with a good correspondence regarding the Mach disk position and the gas jet diameter between the experiment and the simulation. This numerical model represents a first step towards the development of a model describing the fragmentation of the metal jet and the complete atomization process.
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 1 Figure 1: Left: view of the meshed computational domain and its boundary conditions. Right: visualization of the position of the XY and YZ planes and of the centerline in the narrow annular gap slit (referred as XY-right-line).
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 2 Figure 2: Left: velocity vectors colored by the Mach number in the nozzle. Right: evolution of the Mach number along the centerline of the annular gap slit at four different azimuthal locations.
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 3 Figure 3: Distribution of Mach number in the YZ (left) and XY (right) planes.
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 4 Figure 4: Schematic of the Schlieren experimental setup used to visualize the gas flow field inside the MetaFensch EIGA.

Figure 5 :

 5 Figure 5: Comparison of experimental Schlieren image (left) and computed gas density vertical gradients (right).